The polycyclic aromatic hydrocarbon (PAH) naphthalene was exposed to ultraviolet radiation in H20 ice under astrophysical conditions, and the products were analyzed using infrared spectroscopy and high performance liquid chromatography. As we found in our earlier studies on the photoprocessing of coronene in H20 ice, aromatic alcohols and ketones (quinones) were formed.
INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are common in carbonaceous chondrites (cf. Cronin et al., 1988; Hahn et al., 1988; Cronin & Chang, 1993) , and IDPs (Allamandola et al., 1987; Clemett et aL, 1993) , and are probably the most abundant and widespread class of organic compounds in the universe (Puget and Leger 1989; Allamandola et al., 1989 Allamandola et al., , 1999 . These PAHs are observed to be in the gas phase in a wide variety of interstellar environments, for example, protoplanetary and planetary nebulae, reflection nebulae, HI/regions, and the diffuse interstellar medium. However, in dense molecular clouds where temperatures are low (T < 50 K) PAHs, along with most other species, condense onto refractory dust grains (Sandford and Allamandola 1993) . The resulting ice mantles can have a variety of compositions, but H20 is the dominant species in the ices along most lines-ofsight through dense interstellar clouds (see Sandford, 1996) . The presence of PAHs in interstellar ices has been demonstrated by recent astronomical detection of their C-H stretching and out-of-plane bending mode bands in absorption in the spectra of stars embedded within dense clouds (Sellgren et al., 1995; Brooke et al., 1999; Chiar et aI., 2000; Bregman et al., 2000) . In addition, emission from
PAHs has been reported in the coma of comet P/Halley (Moreels et al., 1994) . The suite of meteoritic organics examined by Krishnamurthy et al. (1992) were observed to have 5D values that ranged from about +100 to +1000, with the aromatic fractions having higher values than the aliphatic fractions.
There is also evidence that suggests that PAHs may be one of the carriers of deuterium excess in IDPs (Messenger et al., 1995 (Messenger et al., , 1996 . These observations all suggest that at least a portion of the PAHs in meteorites have an interstellar origin.
Based on the evidence that PAHs are abundant in interstellar space and in meteorites, and that at least some of the meteoritic aromatics have an interstellar heritage, we have been investigating the UV processing of PAHs in H20 ice with an emphasis on exploring the possible connections Bcrnsteinet al. 3
betweeninterstellarandmeteoriticPAHs. We havepreviouslyshownthatPAHsundergoboth oxidationandreductionphotoreactions in icesthatresultin theproductionof aromatichydrocarbon species similar to someof thoseseenin carbonaceous chondritesandIDPs (Bemsteinet aL, 1999) , and that these same processes can produce large deuterium enrichments in the aromatics (Sandford et al., 2000) .
Here we describe related studies on the PAH naphthalene (CloH8) with an emphasis on understanding the regiochemistry of the process.
EXPERIMENTAL TECHNIQUES
The UV irradiation of H20-naphthalene ices were performed in an evacuated sample chamber containing a rotatable -15 K CsI or Ni foil substrate coupled to an infrared (IR) spectrometer that is described in detail elsewhere (Bernstein et aL, 1995; Hudgins and Allamandola, 1995) . In these experiments, the naphthalene and H20 were simultaneously vapor deposited from a finger containing freeze/pump/thawed liquid water and solid naphthalene onto the substrate at a rate that produced an ice layer~0.1 lam thick after 30xninutes of deposition (as measured from interference fringes in the infrared spectrum of the sample). After deposition onto the CsI, the 4000-500 cm "1 (2.5-20 tam) infrared spectrum of the H20-naphthalene ice was measured at a resolution of 0.9 cm _ (the observed width of an unresolved line). Analysis of the areas of the resulting infrared absorption bands of both the H20 and naphthalene indicates that our sample ice layers typically had H20/naphthalene ratios of >I00. This vapor deposition technique produces intimately mixed ices with the H20 in a high density amorphous form that is only observed at low temperatures and pressures, a form that is believed to be representative of H_O-rich ices in interstellar molecular clouds (Allamandola and Sandford, 1988; Jenniskens and Blake, 1994; Jenniskens et al., 1995) . HPLCwith paralleldiodearrayUV/Vis andfluorescence detectors anda manual injectorwith a 5
ILLloop. Separation wasachieved usingaVydac C-184.6 x 250mm 5 pm resin analytical column and a mobile phase of 10% A (methanol) and 90% B (pH 5.5 50mM sodium acetate + 8% methanol) to 40% B in 15 minutes. Elution was monitored by simultaneously measuring both the absorption at 220, 290, and 320 nm and the emission at 325 nm when excited at 220 rim.
Observed peaks were identified by co-injection with standards and by comparison of the UV spectrum of the peak of the unknown with that of the standard, both taken in situ on the HPLC.
Abundances
were quantified by calculating the average of the ratio of the area of a given peak at each wavelength to that of a linear fit through zero of the standard at three concentrations.
Comparison of the HPLC measurements demonstrated that the same products were produced in both the samples prepared by ice deposition followed by irradiation and by simultaneous deposition and irradiation. However, simultaneous deposition and irradiation was found to yield products with much higher efficiency, presumably because the molecules in these ices received a more even UV dose and were considerably thicker. Experiments in which we examined the yield for a variety of single-layer irradiation times (0.17, 1, 3, 5, and 12 hours) indicate that the ices codeposited with simultaneous photolysis were exposed to UV doses equivalent to individual ice layers subjected to -30 minutes of UV per -0.1 Hm ice layer. Experiments involving multiple layers gave identical results. These doses fall within the range expected for ices in dense molecular Bernsteinct al. 5
clouds (cf. PrasadandTarafdar,1983; Bemsteinet al., 1995) . In addition, experiments in which we photolyzed theH20-naphthalene samples at 150 K produced similar results to those of our 15 K samples; the alcohols were still the dominant products and 1-naphthol was produced more abundantly than the 2-naphthol. Finally, in experiments in which we photolyzed H20 ices containing either of the mono-naphthols, rather than naphthalene, we observed the formation of the other mono-naphthol and unoxidized naphthalene.
DISCUSSION

Regiochemistry and Mechanism
In our previous studies of the photochemistry of 11 larger PAHs we concentrated on the fully condensed PAH molecule coronene (C24H12 
Oxidized Aroma tics
It has long been known that the organic fraction of meteorites contains a major aromatic component (cf. Studier et al., 1972; Hayatsu et al., 1977) 
Regiochemistry -Ice Photolysis versus Aqueous Alteration
Many of the meteorites in which aromatic compounds have been detected have experienced aqueous alteration on their parent body (cf. Zolensky and McSween, 1988) . One could imagine that this process might also contribute to the oxidation of PAHs to make aromatic alcohols and ketones. Unfortunately, the oxidation of PAHs in liquid water (in the absence of radiation or air) has received very little study. Thus, it is not currently possible to say whether PAH oxidation would be appreciable under the conditions and timescales of aqueous alteration on asteroidal parent bodies, let alone identifying isomers that would be indicative of this process. However, a project is currently underway in our laboratory to study the rates and products of PAH oxidation in liquid water to determine if there are product isomers or ratios that might distinguish between the oxidized aromatic products of aqueous alteration and ice photochemistry.
Although little is known about the thermal oxidation of naphthalene in liquid water, studies on the photo-oxidation of PAHs in liquid water have been reported in the environmental literature Bernstein et al. 9 (Keyeyan and Perez, 1991; Beltran et al., 1995) . In contrast to our ice photochemistry results,"
where the product l-naphthol is favored, these papers report that the major product of naphthalene photo-oxidation under terrestrial conditions is the 2-naphtho]. Thus, it is possible that the relative proportion of 1-naphthol and 2-naphthol in meteorites may provide an indicator of the relative contributions of aqueous alteration and ice photolysis to oxidized meteoritic aromatics.
Deuterium Enrichments in Meteoritic Aromatics
There are a number of processes by which interstellar PAHs can become deuterium enriched,
including gas phase ion-molecule reactions (cf. Dalgarno and Lepp 1984; Tielens, 1997) , gas-grain reactions (Tielens, 1983 (Tielens, , 1997 , and unimolecular photodissociation (Allamandola et al., 1987 (Allamandola et al., , 1989 ). In addition, we have recently shown that, in interstellar ices, PAHs can become enriched in deuterium by the same ice photolysis processes that make the oxidized aromatics (Sandford et aL, 2000) . Each of these various processes is expected to leave a distinctly different signature in the distribution of D enrichment in the PAH population. 
